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Summary 


A  major  problem  with  guided  missiles  which  rely  on  visual  or  instru¬ 
mental  detection  of  light  sources  on  the  missile,  in  order  to  obtain  informa¬ 
tion  on  the  missile  position  relative  to  a  target,  is  attenuation  of  the 
radiation  emitted  from  such  a  source  by  missile  smoke.  Additionally /smoke 
may  obscure  the  target.  A  technique  has  been  devised  for  measurement  of  the 
radiation  attenuating  properties .of  the  smoke  emitted  by  missile  components, 
either  separately  or  in  combination,  under  simulated  flight  conditions.  The 
values  so  obtained  for  a  particular  missile  (Rapier)  have  been  found  compare 
able  with  tl^  limited  data  available  from  free  flight  firings,  establishing 
reasonable  eonfidence  in  the  ability  to  use  data  obtained  \inder  these 
controlled  conditions  to  predict  effects  in  operational  use.  An  important 
finding  was  that  smoke  measurements  made  under  static  conditions  (no  relative 
air  flow)  do  not  correlate  with  results  obtained  from  dynamic  firings 
(relative  air  flow  -  free  flight  or  wind  tunnel  conditions) • 
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1 .  INTRODUCTION 


A  munber  of  guided  missiles,  either  in  Service  or  imder  development 
in  the  UK,  depend  for  their  successful  operation  on  the  transmission  of 
visible  radiation  from  a  source  (beacon)  on  the  missile  to  a  ground  control 
station.  Reception  of  the  radiation  may  be  direct  (visual  observation  vdth 
the  unaided  eye)  direct-aided  (use  of  optical  sight)  or  by  electro -optical 
instrumentation.  In  general  the  tracker  also  views  the  target  and  the  usual 
mode  of  operation  is  to  issue  instructions  to  the  missile  through  the  guidance 
control  link,  to  change  the  direction  of  flight  until  the  observed  light 
source  on  the  missile  is  coincident  with  the  target,  with  the  aim  thereafter 
to  so  direct  the  missile  that  this  coincidence  is  maintained.  Because  of 
requirements  to  engage  targets  at  short  ranges  the  system  is  usually  designed 
such  that  the  missile  is  brought  on  to  the  control  to  target  line  of  si^t  as 
quickly  as  possible,  and  in  this  case  ideally  the  missile  beacon  is  super¬ 
imposed  over  the  target  throvighout  the  flight. 

In  order  that  the  missile  shall  be  detectable  by  the  tracker 
(whether  this  is  the  human  eye,  aided  or  unedded,  or  an  electro-optical 
device)  a  certain  minimum  amount  of  radiation  must  be  received  in  relation  to 
that  received  from  the  general  background.  It  is  relatively  easy  to  produce 
pyrotechnic  light  sources  to  meet  the  needs  of  adequate  contrast  against  most 
backgrounds  and  of  sufficient  size  to  provide  an  adequate  signal  level.  How¬ 
ever,  pyrotechnic  light  sources  produce  smoke.  So  do  rocket  motors  and  other 
missile  components,  notably  gas  generators.  Problems  arise,  due  to  accumu¬ 
lation  of  smoke  along  the  line  of  sight,  if  the  missile  is  flown  along  a  line 
of  si^t  vdiich  is  itself  static  or  moving  relatively  slowly  to  the  local 
atmosphere.  If  the  target  has  a  moderate  crossing  velocity  component  perpen¬ 
dicular  to  the  line  of  sight,  then,  if  the  missile  is  controlled  to  maintain 
coincidence  of  missile  beacon  and  target  images  in  the  tracker,  the  missile 
flies  a  curved  path.  Barring  wind  movement  of  smoke,  the  line  of  si^t  will 
not  intersect  a  significant  section  of  the  smoke  trail. 

However,  targets  of  slow  relative  angular  crossing  velocity  (air- 
creift  in  head-on  approach,  helicopters  and  armoured  vehicles)  are  of  hi^ 
military  significance  and  smoke  attenuation  of  missile  beacon  signals  and  tar¬ 
get  obscuration  becomes  of  great  concern. 

The  palliative  of  flying  a  missile  along  a  line  parallel  to  but  dis¬ 
placed  from,  the  line  of  sight  and  bringing  it  on  to  the  target  line  of  sight 
as  late  as  possible  involves  the  likelihood  of  missing  the  target  (by  flying 
the  missile  beyond  it)  unless  the  varying  range  of  the  missile  from  the  target 
is  known.  With  the  majority  of  current  or  proposed  systems  such  information 
is  not  available. 

The  work  described  in  this  Memorandum  eirose  out  of  consideration  of 
the  visibility  of  a  beacon  and  includes  a  method  of  quantitatively  estimating 
the  attenuation,  by  smoke,  of  a  tracking  beacon  radiance  during  flight.  How¬ 
ever  the  results  are  also  pertinent  to  the  problems  of  contrast  of  a  beacon 
and  target  against  the  background,  since  attenuation  by  smoke  leads  to  degra¬ 
dation  of  this  contrast. 

The  method  depends  on"  experimental  measurement  of  the  smoke  emission 
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and  light  enission  from  a  besicon  under  particular,  controlled  conditions, 
using  a  wind  tunnel,  end  the  insertion  of  the  empirical  data  into  a  mathemat¬ 
ical  model  of  the  smoke  trail  produced  by  a  missile  in  free  fli^t.  The 
method  has  been  tested  using  Rapier  missiles,  and  reasonable  correlation  found 
between  prediction  from  these  ground  trials  and  the  very  limited  information 
available  from  free  flight  trials. 

This  llemorandum  also  includes  data  which  show  conclusively  that 
attempts  to  correlate  the  results  from'  smoke  meas\irement  trials  made  under 
static  conditions,  (no  high  speed  relative  air-flow  over  the  component  under 
test),  with  dynamic  trials  have  not  been  successful.  The  results  from  static 
trials  have  in  fact  been  positively  misleading  in  that  tracking  fleires  or 
rocket  motors,  which  on  static  test  were  less  smoky  than  others,  turned  out 
to  be  the  reverse  under  dynamic  conditions. 


2.  STATIC  SIDKE  MEASCRELENTS 


Before  it  was  fully  appreciated  that  the  smoke  emission  cheiracter- 
istics  of  missile  components  were  so  dependent  on  the  environmental  conditions 
as  to  render  measurements  under  static  conditions  virtually  useless,  a  number 
of  experiments  were  conducted  under  static  conditions.  It  is  now  realised 
that  the  quantitative  resvilts  obtained  from  such  experiments  axe  of  value  only 
when  compared  with  the  results  of  dynamic  firings  to  demonstrate  the  necessity 
for  dynamic  firings  if  meaningful  information  is  to  be  obtained.  It  is  how¬ 
ever  worth  recording  some  of  these  experiments  because  they  did  have  an 
important  influence  on  the  experimental  technique  subsequently  successfully 
used  for  measurement  of  smoke  under  dynamic  firing  conditions. 

An  attempt  was  made  by  IMI  Summerfield  to  determine  quantitatively 
the  density  of  the  smoke  plume  produced  by  the  Troy  rocket  motor,  used  in  the 
Rapier  missile,  by  measuring  the  attenuation  of  beams  of  white  light  (from 
tungsten  filament  lamps)  directed  across  the  smoke  cloud  produced  by  motors 
fired  statically  in  the  open.  No  attempt  was  made  to  control  the  geometry  of 
the  smoke  cloud  which  varied  very  considerably  from  experiment  to  experiment 
depending  on  the  local  atmospheric  conditions  and  this  induced  a  hi^  level 
of  variability  into  the  attenuation  measurements.  The  only  positions  in 
which  the  smoke  plume  maintained  a  reasonably  reproducible  geometry  was  close 
to  the  motor,  where  the  plume  is  narrow.  This  introduced  experimental  prob¬ 
lems  because  of  the  short  path  lengths  and,  because  the  plume  was  neirrow, 
small  changes  in  dimensions  became  significant  and  such  changes  were  observed 
to  occur.  These  factors  lead  to  considerable  doubts  as  to  the  meaning  of  the 
experimental  nvunerical  data  and  generally  the  results  were  judged  to  be  of 
dubious  value.  In  some  of  these  tests  a  lamp  v^as  positioned  some  80  metres 
behind  the  motor  and  the  intensity  monitored  through  the  smoke  from  a  posi¬ 
tion  near  the  motor.  These  results  were  eiIso  very  variable  due  to  the  varia¬ 
bility  in  the  smoke  cloud  formed  between  the  motor  and  the  photometer.  Over 
and  above  any  considerations  on  the  value  of  the  exi^eriment^  data  on  radia¬ 
tion  attenuation  it  was  also  thought  that  the  basic  characteristics  of  the 
smoke  might  be  different  as  the  motor  was  fired  statically.  In  a  dynamic 
situation  air  entrainment,  which  could  affect  the  later  stages  of  combustion 
of  the  rocket  exhaust  gases,  could  be  significantly  different  as  could  be  the 
rates  of  cooling  of  the  gases  (of  importance  if  condensation  of  water  vapour 
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is  a  significant  factor  in  determining  the  optical  properties  of  the  exhaust 
cloud).  These  experiments  are  discussed  more  fully  in  Reference  1. 

One  conclusion  vdiich  emerged  from  these  trials  was  that  if  any  use¬ 
ful  smoke  measiirements  were  ever  to  be  madei  it  was  essential  to  control  the 
geometry  of  the  smoke  cloud.  The  most  obvious  way  of  achieving  this  was 
considered  to  be  firing  of  the  smoke-producing  device  at  one  end  of  a  tube, 
open  at  both  ends  and  preferably  of  uniform  cross  section,  and  meeusuring  the 
optical  properties  of  the  smoke  while  it  wets  travelling  throug^i  the  tube. 

The  geometry  would  be  known  and  rates  of  flow  could  be  measured.  The  major 
foreseeable  problems  were  thought  to  be  smoke  density  gradients  across  the* 
tube,  and  condensation  on  the  walls.  The  arguments  concerning  the  possible 
differences  between  the  basic  properties  of  the  smoke  occasioned  by  static 
firings  £is  compared  with  dynamic  firings  remained.  However,  at  that  time, 
the  evidence  for  such  differences  was  not  conclusive  and  it  was  considered 
worthwhile  pursuing  a  satisfactory  technique  for  static  test  measurements. 
RARDE  went  ahead  with  development  of  static  test  equipment  in  order  to  assess 
quantitatively  various  proposals  which  had  been  generated  during  considera¬ 
tions  of  means  of  reducing  the  amount  of  smoke  produced  by  missile  tracking 
flares. 


An  attempt  had  been  made  at  one  time  by  RARHE  to  use  a  horizontal 
tunnel  for  measxxrement  of  the  smoke  produced  by  combustion  processes  but  had 
not  been  successful,  probably  due  to  non-\miformity  of  smoke  distribution 
across  the  tunnel  caused  by  natiiral  convection  of  heated  combustion  products 
and  excessive  turbulence  in  the  tunnel.  The  tunnel  was  rectangular  in  cross 
section  and  a  forced  draft  of  air  from  a  fan  was  used  to  transport  the  smoke 
throu^  the  tunnel.  No  attempts  were  made  to  smooth  out  turbulence  in  the 
fan-driven  air.  In  more  recent  experiments,  a  vertical  tube  was  used  to 
circumvent  any  problems  with  non-viniformity  due  to  convection.  Natiiral  con¬ 
vection  was  in  fact  used  as  the  means  of  transporting  the  smoke  through  the 
tube.  This  gave  a  much  less  tiirbulent  flow  than  in  the  previous  experiments. 
The  flow  velocity  and  the  attenuation  of  light  beams  directed  horizontally 
across  the  tube  were  measured  at  three  different  levels  above  the  flares. 
Consistent  results  were  obtained  with  no  evidence  of  significant  smoke  conden¬ 
sation  on  the  tube  and  a  programme  of  evaluation  of  various  designs  of  track¬ 
ing  flares  was  started. •  Additionally  the  equipment  was  used  to  measure  the 
smoke  produced  by  the  gas  generator  charges  used  to  actuate  the  guidance  fins 
on  the  Rapier  missile.  The  equipment  is  described  in  more  detail  in 
Appendix  I. 

The  work  on  flares  indicated  that  a  change  to  an  alternative  liner 
material  for  the  Rapier  flare  would  be  a  worthv/hile  improvement.  At  that 
time  the  current  design  of  flare /for  Rapier  included  a  thin  liner  of  Lantex  * 
and  it  was  found  that  a  Kemetal  "  liner  produced  simificantly  lens  smoko . 
ibci)eriments  were  carried  out  with  various  thic'.oaesses  of  Kemetal  liners.  •  The 
flares  with  thicker  liners  gave  rise  to  less  smoke.  The  radiant  outputs  were 
also  lower  because  of  the  reduced  bviming  surface  area  (the  outside  diameter 
of  the  flare  was  retained  invariant  -  any  change  would  have  reflected  on 


*  A  Lantex  liner  is  a  mandrel  woimd  tube  made  from  a  phenolic  resin  impreg¬ 
nated  paper. 

^  A  Kemetal  liner  is  a  tube  machined  from  a  rod  of  a  polyacetal  copolymer. 
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other  missilQ  components).  An  optimum  thickness  was  chosen,  after  smoke  and 
radiance  measurements,  for  use  on  farther  trials. 

In  this  sraoke-measureraent  system,  when  the  velocity  of  the  smoke 
column  are  known,  it  is  possible  to  calculate  the  attenuation  over  any  other 
path  length  and  for  any  velocity  if  certain  assumptions  are  made.  These  are 
that:- 


a.  the  optical  properties  (absorption  and  scattering  etc.)  of  the 
smoke  remain  unaltered  between  the  first  condition  and  the  second. 

b.  the  optical  properties  of  the  smoke  are  uniform  along  the 

column. 

c.  the  attenuation  by  the  smoke  follows  Beer-Lambert  ’  s  Law. 

d.  the  rate  of  smoke  output  is  constant. 

A  mathematical  model  of  the  geometry  and  internal  smoke  concentra¬ 
tions  of  the  visible  trail  generated  by  a  Rapier  missile  in  free  flight  has 
been  produced  by  BAG.  The  data  from  the  static  test  experiments  was  fed  into 
this  model  as  is  described  in  Appendix  II.  This  gave  a  set  of  predictions  for 
the  attenuation  of  the  tracking  flare  radiation  by  the  smoke  produced  by  the 
flares  and  gas  generators. 


3.  DYNAMIC  SLDKE  MEASUREMENTS 


The  predictions  referred  to  in  Section  2  were  treated  with  consider¬ 
able  scepticism  because  of  a  growing  opinion  that  not  enough  was  known  about 
the  possible  interaction  between  missile  components  (motors,  flares  and  gas 
generators)  and  about  the  effects  of  a  change  from  static  to  dynamic  condi¬ 
tions.  This  opinion  was  supported  by  subjective  observations,  based  on  films 
of  missile  firings  and  some  recordings  from  missile  trackers  made  during  tests 
of  Swingfire  motors.  It  was  increasingly  apparent  that  dynamic  trials  had  to 
be  conducted  in  order  to  settle  the  argument  over  the  validity  of  applying 
static  test  data  to  dynamic  conditions.  It  was  also  very  necessary  to  make 
smoke  measurements  on  missile  motors  and  the  Swingfire  test  experience 
demanded  that  these  be  dynamic  tests.  It  was  therefore  decided  to  proceed  to 
develop  a  dynamic  test  equipment.  It  was  necessary  that  this  equipment  meet 
two  requirements :- 

a.  that  the  smoke  be  produced  under  conditions  of  combustion 
representative  of  missile  flight  conditions  with  all  combustible  systems  burn¬ 
ing  together,  to  allow  for  any  interactions  between  the  different  effluxes. 
Only  in  this  way  could  it  be  reasonably  expected  that  the  observed  smoke 
would  have  the  same  chemical  composition  (with  extra  air  entrainment),  the 
same  particle  size  distribution  and  particle  shape,  as  that  produced  by  a 
missile  in  free  flight.  For  instance,  the  flare  flame  is  rich  in  unbumt 
titanixam,  the  rocket  efflux  is  rich  in  oxidizing  gases  such  as  carbon  dioxide 
and  water  vapour  and  some  interaction  is  probable.  The  cool-buming  cordite 
charges  of  the  gas  generators  produce  a  black  carbon  smoke  which  again  may  be 
raised  to  a  sufficiently  high  temperature  to  bum  in  the  air,  carbon  dioxide 
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or  water  vapour. 

b.  that  the  smoke  be  confined  into  a  known  geometry  with  some 
means  of  ensuring  uniform  distribution  throu^out  this  geometry  whilst  main¬ 
taining  a  velocity  in  the  column  so  that  measurements  could  be  made  on  the 
smoke  before  settlement  took  place. 

If  the  above  two  requirements  were  met,  then  a  good  measure  of 
confidence  could  be  given  to  calculations  extrapolating  from  these  conditions 
to  missile  flight  conditions. 

The  immediate  requirements  were  to  obteiin  data  for  the  development 
of  the  Rapier  missile.  Condition  (a)  above  presented  the  major  problem.  The 
Rapier  missile  achieves  a  maximum  velocity  in  the  region  of  llach.  2  and  is 
intended  primarily  for  attack  of  low  flying  aircraft.  The  latter  was  fortun¬ 
ate  in  that  altitude  effects  could  reasonably  be  excluded  from  the  flight 
environmental  simulation.  Fortuitously  the  BAG  wind  tunnel  at  Warton,  Lancs, 
in  addition  to  a  capability  to  operate  in  its  design  role  as  a  Iilach  1.7  to 
6.0  blow-down  wind  tunnel,  can  also  provide  an  intermittent  blowing  facility 
capable  of  giving  test  airflows  representative  of  sea  level  flight  conditions 
at  speed  ranges  up  to  tiach  1.2  (with  correct  air  temperature  simulation  if 
required)  (Refs.  2  and  3)«  This  speed  range  can  be  achieved  using  an  10  inch 
nozzle,  combined  with  a  feiiring  on  the  missile  body  to  give  supersonic  speeds. 
The  exit  from  the  nozzle  is  open  to  the  atmosphere  so  there  is  no  danger  of 
damage  to  the  blower  facility  from  combustion  products  or  debris.  Also  acci¬ 
dental  explosion  of  a  store  under  test  would  probably  damage  only  the  exit 
nozzle,  which  is  relatively  readily  replaceable  (as  compared  with  the  main 
working  section).  The  maximum  windspeed  available  (M  =  1.2)  represented  an 
approximately  median  condition  for  Rapier  and  the  available  blowing  time  at 
this  speed  was  in  excess  of  the  maximum  Rapier  missile  flight  time.  It  was 
considered  therefore  that  the  BAG  Warton  blower  could  provide  reasonable  simu¬ 
lation  of  flight  environmental  conditions  around  the  missile  itself,  suffi¬ 
cient  for  the  purpose  of  initial  evaluation  of  the  smoke  emission  in  relation 
to  tracking  system  performance. 

For  smoke  measurement  the  techniques  developed  for  static  measure¬ 
ments  were  applied.  A  long  cylindrical  tube  was  set  up  downstream  of  the 
tunnel  exit  nozzle  and  co-axial  with  the  nozzle.  The  length  of  the  tube  was 
chosen  such  that  reasonably  laminar  flow  conditions  would  be  expected  to  have 
been  established  within  the  first  half  of  the  tube  when  the  tunnel  was  opera¬ 
ting,  and  measurements  on  smoke  properties  were  made  in  the  second  half  of 
the  tube.  The  diameter  of  the  tube  was  chosen  on  the  basis  of  known  data  on 
rocket  exhaust  expansion  rates  (with  distance  from  the  rocket  nozzle)  such 
that  all  the  combustion  products  of  the  missile  should  enter  the  tube.  V/ith 
an  airflow  velocity  of  llach  1.2  convective  forces  were  deemed  negligible 
(i.e.  the  fact  that  the  smoke  measurement  tube  was  horizontal  Instead  of 
vertical  was  of  no  significance)  and  the  major  consideration  in  design  of  the 
tube  was  that  of  achieving  sufficient  length  to  reduce  gross  turbulence 
before  the  measuring  stations  were  reached.  Various  systems  all  based  on 
attenuation  of  light  were  fitted  to  the  tube  to  measure  smoke  density.  As 
will  be  shown  this  equipment  proved  highly  successful  as  a  means  of  obtaining 
the  required  information. 
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4.  TRIALS  OP  THE  RAPIER  LUSSILE 


4.1  Introduction 


Rapier  is  an  optically  tracked  line  of  sigjit  missile  and  subject  to 
the  potential  deficiency  discussed  in  Section  1  of  this  report.  The  beacon 
on  the  missile  is  a  cluster  of  4  pyrotechnic  flares,  ignited  paraisitically 
from  the  boost  motor  exhaust  on  launch.  Ignition  of  3  flares  is  sufficient 
for  successful  tracking  in  the  absence  of  smoke  interference.  There  are 
three  smoke  emitters,  the  rocket  motor  (boost  and  sustainer),  the  flares,  and 
a  gas  generator  vdiich  provides  power  for  guidance  control.  Under  the  worst 
conditions,  in  which  all  of  the  emitted  smoke  accumulates  along  the  line  of 
sight  during  missile  flight,  there  ip  a  very  hi^  probability  that  attenuation 
of  the  radiation  from  the  tracking  flares  will  be  so  high  that  the  missile  is 
•lost'  by  the  tracker.  There  existed  a  specific  need  to  be  able  to  quantify 
the  amount  of  smoke  being  generated  at  any  time  by  each  of  the  missile  compon¬ 
ents  which  produce  smoke  in  order  to  assess  the  most  profitable  areas  for 
further  development  aimed  at  smoke  reduction  and,  secondly,  for  studies 
directed  at  determination  of  the  probability  of  any  missile  in  a  complex  being 
able  to  successfully  engage  a  target. 

It  was  known  that  a  high  speed  air  flow  in  the  direction  of  the 
flare  axis  caused  a  significant  decreaise  in  output.  Reduction  by  factors  in 
the  range  33 si  to  11  si  have  been  reported  for  flares  flown  at  velocities  of 
the  order  of  llach  2.0.  These  results  possibly  included  the  effect  of  attenua¬ 
tion  of  the  flare  output  by  smoke  and  were  partly  confirmed  in  experiments  in 
which  the  exhaust  from  a  jet  engine  vas  used  to  produce  high  speed  flow  around 
a  streamlined  body  into  which  a  flare  was  mounted.  This  simulation  of  flight 
conditions  was  relatively  crude  -  the  flow  velocity  was  sub-sonic,  the  wind- 
stream  tiirbulent  and  composed  of  hot  products  of  combustion  from  the  engine. 
Quantitative  data  under  more  realistic  flight  simulation  conditions  were 
obviously  desirable,  the  flare  output  data  being  essential  to  any  assessment 
of  the  probabilities  of  loss  of  missile  acquisition  caused  by  smoke  obscura¬ 
tion.  Also  the  results  of  tests  in  the  V/arton  facility  could  be  compared 
with  the  jet  windstream  test  results.  If  the  results  were  generally  similar, 
this  would  be  a  significant  finding  in  that  the  jet  windstream  tests  are  much 
more  easily  carried  out. 

The  trials  described  in  the  following  sections  were  accordingly 
conducted  using  the  BAG  V/arton  wind  tunnel  during  October  1969- 

4.2  Objectives  of  Trial 

The  trial  was  carried  out  to 

4.2.1  assess  the  ability  of  the  wind  tunnel/tube  assembly  arrangement  to 
give  reproducible  smoke  measurements  for  comparing  the  smoke  producing  parts 
of  the  missile  system. 

4.2.2  compare  the  light  attenuation  effect  of  the  smoke  produced  by 

a.  gas  generator 
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b.  Troy  motor 

c.  4  Rapier  flamres 

which  are  parts  of  the  present  missile  system. 

4.2.3  measure  the  radiant  output  from  the  Rapier  flares  through  the  smoke 
produced  by  all  parts  of  the  system  under  supersonic  airflow  conditions,  and 
the  radiant  output  from  the  flares  not  through  smoke,  under  the  same  airflow 
conditions. 

4.2.4  select  the  best  flare  'improvements'  by  measuring  smoke  produced 
and  the  radiant  output  of  two  alternative  types  of  flares  as  described  in 
para.  4*4*1  (iv)  and  (v). 

4*2.5  investigate  the  interaction  of  flares,  motor  and  gas  generator. 

4.2.6  to  generate  the  data  needed  for  prediction  of  the  attenuation  effect 
of  missile  smoke  in  flight. 

4.2.7  measure  the  radiation  and  smoke  from  a  high  output,  fast  burning 
flare,  filled  with  composition  SR  697  in  order  to  assess  its  suitability  for 
use  during  the  gather  phase  of  the  missile.  During  this  period  a  high  radi¬ 
ant  output  was  required  as  the  missile  was  likely  to  have  a  high  crossing 
velocity. 


4.3  Experimental 

4.3*1  General  Arrangement 

The  store  to  be  tested  was  mounted  in  the  exit  nozzle  of  the  BAG 
V/arton  blowdown  wind  tunnel  (Pig.l).  Downstream  from  the  nozzle,  and  co-axial 
with  the  nozzle  was  a  metal  tube  24*4  metres  long  and  O.6I  metres  in  internal 
diameter  with  one  end  2.44  metres  from  the  nozzle  exit.  The  tube  was  con¬ 
structed  from  quarter  inch  thick  mild  steel  rigidly  supported  on  nine  A-frames 
and  was  blackened  inside  to  reduce  reflections. 

Theoretical  considerations  predicted  that  reasonably  uniform  distri¬ 
bution  of  smoke  particles  within  a  fast  airflow  through  the  tube  would  be 
established  by  the  mid  point  of  the  tube  (Ref.  4)*  Three  independent  smoke 
measurement  systems  were  fitted  to  the  second  half  of  the  tube  giving  a  total 
of  8  information  channels.  This  level  of  instrumentation  was  deemed  necessary 
as  this  was  the  first  experiment  of  this  kind. 

Flare  radiation  was  measured  by  two  radiometers.  One  was  positioned 
off-axis  to  record  the  output  from  the  flares  in  the  absence  of  smoke  attenua¬ 
tion;  the  ot}ier  was  positioned  at  the  downstream  end  of  the  smoke  measurement 
tube  to  record  the  radiation  received  through  the  confined  smoke  column, 
comparison  of  the  two  records  gave  a  further  measure  of  smoke  attenuation. 

Additionally  the  flow  velocity  in  the  smoke  measurement  tube  was 
monitored  together  with  data  on  the  flow  conditions  in  the  nozzle.  Cine 
photographic  coverage  was  provided  for  most  firings. 
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4»3.2  Airflow  over  stores 

For  the  testing  of  flares  only,  the  flares  were  mounted  as  shown  in 
Pig.  2.  The  outer  contour  of  the  cylindrical  mounting  was  considered  to  be  a 
reasonable  approximation  to  that  of  the  aft  section  of  the  missile  body.  The 
forward  end  of  the  moimting  was  not  closed  but  left  open  so  that  air  v/ould 
pass  through  the  cylinder  and  give  a  central  base  flow  to  partly  simulate  the 
flow  which  would  occur  from  the  rocket  motor  in  a  'live'  firing.  The  flare¬ 
mounting  cylinder  was  supported  in  an  outer  shell  which  fitted  into  the  exit 
nozzle  of  the  tunnel.  The  combination  of  nozzle  and  outer  support  shell  were 
so  designed  to  give  supersonic  flow  0l  =  1.17)  in  the  region  aroimd  the  outer, 
rear  portion  of  the  flare  mounting.  Calibration  measurements  showed  that  for 
a  given  tunnel  operating  condition  (designated  condition  X)  in  the  absence  of 
flame  from  the  flares  the  flow  conditions  were  as  follows 

a.  external  flow  over  flare  mounting  at  rear 
Velocity:  378  metres/second  (Mach  1.1?) 

Static  temperature:  -27°C 

Static  pressure:  sea  level,  atmospheric 

b.  Exit  flow  from  central  tube  (6.35  on  diameter) 

Velocity:  llach  1 .0 

Mass  flow:  1.13  kilogrammes  per  second 

Static  temperature:  0°C 

Static  pressure:  sea  level,  atmospheric 

For  the  testing  of  rocket  motors  or  gas  generators  alone  or  motors 
plus  any  other  component  the  outer  support  shell  and  tunnel  operating  condi¬ 
tions  had  to  be  modified  (to  a  tunnel  condition  designated  Y)  to  achieve  the 
same  flow  condition  as  at  (a)  above.  The  motor  mounting  is  shown  in  Fig.  3. 

'^en  the  tunnel  operation  was  started  these  flow  conditions  were 
reached  in  about  1  second  with  a  linear  rate  of  rise  of  velocity  with  time 
over  this  period. 

In  each  exi)eriment,  the  firing  pulses  were  applied  before  tunnel 
operation  commenced.  This  was  done  to  circumvent  potential  misfires  due  to 
breaking  of  firing  circuit  leads  by  the  windstream.  In  fact  the  1  second 
build  up  of  flov/  velocity  to  the  maximum  value  (M.=1.17)  obtainable  in  these 
experiments  corresponds  approximately  to  the  time  the  missile  would  take  to 
reach  this  speed  when  fired  from  rest. 

Full  windspeed  could  be  sustained  for  40  seconds  which  was  greater 
than  the  maximum  burning  time  of  any  component  imder  teat. 

The  relative  times  of  application  of  the  firing  pulses  dnd  the  start 
of  tunnel  operation  were  recorded.  A  common  event  marker  was  supplied  to  all 
recording  channels  including  photographic,  by  the  firing  of  ^a-flash  bulb,  at 
the  start  of  tunnel  operation  (zero  time). 

4.3.3  Smoke  Measurement  Systems 

a.  Diagonal  light  path  method 

This  was  essentially  the  photocell  and  lamp ^method  already 
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used  in  the  RARDE  smoke  chimney  but  the  path  was  angled  across  the  tube  to 
give  a  path  length  of  2.59  which  was  thought  necessary  to  give  sufficient 
attenuation  in  the  highspeed  smoke.  Diffusing  screens  were  placed  in  front 
of  the  detector  and  the  lamp  in  order  to  obtain  a  large  cross-section  and 
hence  a  better  sample  of  smoke.  Pour  separate  systems  were  used.  (Figures 
4(a)  and  5)«  In  two  of  these  systems  the  detectors  faced  the  burning  source 
and  in  the  other  two  they  faeed  the  tube  exit  as  shown  in  Figure  5« 

b.  Sample  tube  method 


A  small  bore  tube  was  connected  to  the  main  tube  so  that  a  propor¬ 
tion  of  the  smoke  passed  do’.vn  it  and  was  bled  off  to  atmosphere  using  a  suct¬ 
ion  fan.  A  laser  beam  wsis  passed  throu{^  a  straight  section  of  the  tube 
either  4*1  metres  or  7  metres  long  and  the  attenuated  beam  viewed  by  a  sili¬ 
con  detector  through  a  100A°  narrow  band  filter.  The  advantage  of  this  system 
was  that  measurement  was  over  a  fairly  long  path  length  without  interference 
from  sparks.  (Figures  6  and  A  trap  had  been  provided  for  large  solid 

particles  and  this  proved  to  be  essential  to  avoid  damaging  the  system  win¬ 
dows. 


c.  Mirror  method 


The  light  from  a  laser  was  passed  across  the  diameter  of  the  tube 
and  reflected  a  number  of  times  by  mirrors  to  increase  the  path  length.  The 
system  was  mounted  independently  on  the  ground  to  minimise  vibration  from  the 
tube.  By  making  1,  3»  5  or  7  passes  across  the  tube,  path  lengths  of  2,  6, 

10  and  14  ft  could  be  obtained. 

Three  separate  systems  were  provided  (Figures  4(b)  and  5)  but  one 
laser  failed  early  in  the  trial  and  generally  only  two  systems  were  opera¬ 
tional. 

4.3.4  Radiation  Measurement  Systems 


a.  Radiometry 

Two  radiometers  were  deployed  at  about  I90  metres  from  the  flares. 
One  (radiometer  A)  was  on  the  axis  of  the  tube  and  hence  measured  the  radia¬ 
tion  through  26.8m  of  smoke.  The  other  (radiometer  B)  was  set  up  on  a  line 
at  19°  to  the  tube  axis  and  thus  received  the  light  from  the  flare  without 
attenuation  by  the  smoke.  The  layout  is  shown  in  Figures  8  and  9* 

The  instruments  used  were  as  described  in  Reference  5  except  that 
the  filters  were  changed  to  give  the  spectral  response  characteristics  shown 
in  Fig.  10,  chosen  to  match  the  response  characteristics  of  the  TV  tracker  as 
closely  as  possible.  The  ratio  between  the  measurements  made  by  radiometers 
A  and  B  gave  a  measvire  of  the  transmission  through  26.8m  of  smoke. 

b.  TV  tracker 


A  Rapier  TV  traoker  was  planed  alongside  the  radiometer  A,  I90 
metres  from  the  wind  tunnel  in  line  with  the  tube.  The  spectral  response 
characteristics  of  the  TV  tracker  are  shown  in  Figure  10.  The  response  curve 
peaks  at  a  similar  wavelength  to  the  radiometers  but  the  TV  tracker  was  more 
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sensitive  at  lon^^er  wavelengths.  The  AGO  signal  level  in  the  TV  tracker  was 
recorded  as  a  continuous  function  of  time. 


4. 3*5  Ancillary  Systems 

a.  Velocity  and  temperature  of  windstream  in  tube 

Sets  of  Pitot  tubes  were  stationed  along  the  tube  as  shown  in 
Figure  11  in  order  to  obtain  velocity  profiles.  The  Pitot  tubes  stationed 
near  the  tube  exit  are  shown  in  Figure  12(a)  and  in  the  wind  tunnel  nozzle  in 
Figure  12(b).  Ueasvirements  were  made  at  all  the  Pitot  tubes  and  the  pressures 
recorded  on  ma^etic  tape.  Temperatures  were  recorded  by  thermocouples  at 
three  stations  along  the  tube  and  were  used  in  the  velocity  calculations. 

When  motors  were  fired  Pitot  tubes  and  thermocouples  at  the  tube  entrance, 
which  were  within  the  flame  zone,  were  destroyed. 

b.  Closed  circuit  TV 


It  was  intended  to  have  closed  circuit  TV  with  video  tape  recording 
viewing  end-on  through  the  tube  as  shown  in  Figure  9  in  order  to  help  isolate 
any  cause  of  trouble.  Few  recordings  were  obtained  due  to  excessive  dust  on 
the  tape  under  the  field  conditions. 

o.  PhotOCTaphy 

I 

Faatex  and  Eolex  cine  films  were  taken  from  a  side-on  position 
(Figure  9)  for  all  roimds  excluding  firings  of  gas  generators  only.  Many 
still  photographs  were  taken. 


4.4  Firing  Schedule  and  Procedures 

4.4*1  Stores  fired  dvirlng  trial 

Taking  into  accoimt  availability  of  stores,  time  and  money,  it  was 
decided  that  a  maximum  of  "3  runs  of  each  type  of  firing  was  possible  and  that 
this  represented  a  reasonable  sample  of  each. '  The  types  of  firings  were:- 


(i)  Troy  motor 

(ii)  Gas  generator  (Mechanite  I4)  for  actuators 

(iii)  Flares:  Four  SR  699  in  0.88  in.  I.D..  Lantex  liner  in 
steel  case.  (Standard  Rapier  flares) 

(iv)  Flares:  Four  SR  699  in  0.88  in.  I.D.,  Kemetal  liner  in 
steel  case. 

(v)  Flares:  Four  SR  699  in  0.75  in.  I.D.,  Kemetal  liner  in 
steel  case. 


(vi)  Flares:  Four  SR  697  in  0.88  in.  I.D.,  Lantex  liner  in 
steel  case. 

(vii)  Troy  motor  +  gas  generator  +  four  standard  flares. 
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Details  of  flares  used  are  given  in  Figure  13. 

All  flares  were  primed  with  3  gm  of  SR  and  fitted  with  eleotrio  fuzeheads. 

In  zujzmal  missile  operation  the  flares  are  Ignited  parasitlcally  from  tbs 
motor  exhaust.  In  these  e:q>eriments^  flares  were  fired  separately  from  motors 
in  some  oases,  neoessltating  electrioal  Ignition. 

Gas  generators,  used  for  the  fin  aotuators,  were  mounted  behind  the 
motor  as  on  the  missile,  with  pipework  and  filters  Inoluding  the  'top  hat*  and 
vortex  filters,  but  excluding  the  two  fluid  pressure  filters  (Ref.  VAC  19978) 
and  a  small  length  of  pipe.  Prior  to  firing,  ICI  agreed  that  this  might  lead 
to  a  slightly  too  high  a  recording  of  smoke  level  (Figures  14  and  15). 

Motors  were  manufactured  both  by  TMT  and  ROF  Bishopton.  Strakes 
were  removed  so  that  a  thin  aerodynamic  shell  could  be  fitted  and  a  dumoy  wing 
ring  section  was  fitted  for  ease  of  mounting  in  the  wind  tunnel  nozzle.  The 
mounting  is  shown  in  Figures  3(b)  and  16. 

4*4.2  Safety  and  Firing  Procedures 

Safety  procedure  was  agreed  prior  to  the  trial  with  lUI  Kidderndnater 
and  BAC  Warton,  and  is  recorded  in  full  in  the  Trials  Specification  dated  1 2th 
September  1969.  Since  light  outputs  had  to  be  measured,  all  firings  were  made 
in  darkness,  after  normal  working  hours 

4.5  Observations  on  Measurement  System  Operation 

4.5.1  Smoke  CoUeotion 

The  smoke  measurement  tube  was  positioned  according  to  the  best 
available  information  such  that  it  was  expected  that  all  the  flame,  smoke,  and 
sparks  from  the  store  would  enter  the  tube.  Preliminary  experiments  using 
dense  red  smoke  from  a  pyrotechnic  source  showed  that  with  the  tube  8ft  from 
the  wind  tunnel  all  the  smoke  went  down  the  tube  and  the  tube  was  filled. 

Hfhen  sets  of  flares  were  burnt  later,  smoke  was  less  visible  but  all 
the  sparks  entered  the  tube  in  a  similar  way  to  the  red  smoke.  (Figure  17). 

When  gas  generators  only  were  fired,  smoke  could  be  seen  forming  a 
narrow  cone  between  the  nozzle  and  the  entrance  of  the  tube. 

Firings  of  motors  on  tlieir  own  were  also  satisfactoiy,  all  thb 
efflux  entering  the  tube.  During  the  boost  phase,  the  end  of  the  fleune  entezed 
the  tube,  but  not  during  the  sustainor  phased  The  effect  of  the  motor  efflux 
when  motors  were  burnt  with  flares  was  to  produce  a  much  more  divergent  flame, 
and  smoke  and  sparks  passed  round  the  outside  of  the  tube  entrance  during  the 
boost  phase.  (Figure  18).  All  observers  thought  that  this  was  a  small  per¬ 
centage  of  the  total. 

Some  sparks  were  seen  at  the  exit  after  passing  through  24.4m  of  the 
tube  both  with  flare  firings  and  motors.  These  ^rks  seemed  to  be  in  bursts 
and  were  particularly  noticeable  on  the  longer  burning  flares  after  20  seconds 
of  burning.  The  diagonal  light  path  measurement  system  (see  section  4.3*3(a)) 
failed  to  produce  useful  information  during  the  testing  of  the  fast  burning 
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S£  697  flares  due  to  Interference  from  sparks.  Othenrise  no  serious 
difficulties  were  experienced. 

4,5,2  Smoke  assessment  methods 

a.  Diagonal  light  path  method 

Results  obtained  from  these  four  systems  tended  to  fall  into  two 
sets.  As  oan  be  seen  in  Table  3>  the  results  from  the  two  systems  with  the 
deteotors  facing  the  tube  entrance  disagreed  with  all  other  smoke  results 
obtained  on  the  trial.  This  is  thought  to  be  due  to  radiation  from  sources 
other  than  the  lamps  reaching  the  detector  cells  and  results  from  these  two 
systems  were  discounted.  If  this  method  were  to  be  employed  in  the  future 
it  would  be  advisable  to  make  all  detectors  face  away  from  the  soujxe. 

b.  Sample  tube  method 

In  the  earlier  experiments  in  which  rocket  motors  were  fired,  it 
was  found  that  the  windows  of  each  end  of  the  tube  became  coated  with  conden¬ 
sation  during  the  boost  phase.  The  condensation  gradually  cleared  during 
the  sustainer  phase  of  motor  burning.  This  problem  was  overoome  by  heating 
the  windows  using  hot  edr  blowers  so  that  valid  results  were  obtained  on  this 
trial.  However,  the  air  turbulence  produced  by  this  method  of  heating  the 
windows  can  adversely  affect  the  laser  beam  and  should  be  avoided  (Ref.  6). 
Further  experiments  will  be  carried  out  with  windows  heated  by  passing 
electrical  current  through  veiy  thin,  essentially  transparent,  metal  films. 

c.  Mirror  method 


Extra  rubber  padding  was  found  to  be  essential  to  reduce  noise  on 
the  record  due  to  vibration.  The  two  foot  path  length  was  sufficient  irtien 
motors  were  fired.  The  system  was  not  satisfactory  in  the  first  week  due  to 
vibrations  and  smoke  deposits  on  the  detector  and  laser  windov/s  and  the 
mirrors.  More  deposition  occurred  on  the  lower  surfaces  and  so  one  system 
was  re-sited  in  a  horizontal  plane. 

With  type  (vii)  firings  (4.4*1)  smoke  measurements  were  obtained 
for  the  boost  and  sustainer  phases  of  the  motor.  However,  due  to  the  smoke 
deposits,  the  record  was  not  reliable  after  motor  burnr-out.  When  motors  wet's 
fired  there  was  a  large  ten^jerature  gradient  across  the  tube  and  this  is 
thought  to  have  caused  more  erratic  movements  of  the  laser  beam. 

Methods  (a)  and  (c)  were  adversely  affected  by  vibrations  of  the 
tube,  particularly  those  systems  in  the  fourth  section.  This  was  due  to  the 
end  *A'  frame  not  being  adequately  anchored  to  the  ground  and  was  remedied 
by  siting  another  ’A'  frame  nearer  the  tube  exit. 

Apart  from  the  results  from  the  two  detectors  of  the  diagonal  light 
path  ^stem  which  faced  the  tube  entrance,  out  of  a  total  of  137  measurements 
only  three  results  were  discounted  as  they  obviously  disagreed  with  the 
majority  of  the  results. 
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4.5»3  Radiometers 


These  functioned  as  expected,  except  that  on  one  day  both  instill¬ 
ments  gave  readings  which,  on  later  analysis,  were  generally  lower  than  on 
other  occasions.  This  is  thought  to  have  been  due  to  unusual  atmospheric 
attenuation  on  this  day  (Oot.  22nd)  when  the  recorded  humidity  was  very  high 
and  general  visibility  was  low  (about  mile), 

4.5.4  TV  Tracker 


A  usable  record  is  not  obtained  from  the  TV  tracker  until  the 
incident  radiation  is  above  a  threshold  level.  It  operates  on  different 
principles  from  the  radiometers  and  is  also  sensitive  to  radiation  in  a  wave¬ 
band  nearer  the  infra-red,  Hov/ever,  the  tracker  often  gave  unexpected  results 
and  was  sometimes  not  triggered  when  radiation,  measured  by  the  adjacent 
radiometer,  should  have  been  sufficient  to  do  so. 

At  the  range  of  190  metres,  with  the  lens  used,  the  TV  tracker  could 
discriminate  between  each  of  the  4  flares,  and  the  AGO  record  relates  to  the 
(apparently)  brightest  of  these  sources. 

On  occasions,  the  tracker  continued  to  give  a  record  well  above 
threshold  after  the  burning  time.  This  is  thought  to  be  due  to  the  hot  slag 
remaining  in  the  flare  cases  being  viewed  in  the  absence  of  smoke.  An  example 
of  this  is  shown  in  Figure  19,  the  record  of  run  4003.  This  never  occurred  in 
firings  of  0.75  inch  SR  699  or  of  SR  697  flares  when  the  burnt  cases  were  found 
to  be  completely  clear  inside. 

4.6  Results 

4.6.1  Firing  Sequence 

In  Table  1  all  firings  are  listed  in  chronological  order  together 
with  data  on  the  tuiuiel  operation  conditions,  ambient  weather  data,  firing 
pulse  times,  the  observed  burning  times  of  items  under  test  and,  for  flares 
only,  the  rates  of  burning  computed  from  observed  burning  times  and  khown 
charge  lengths. 

4.6.2  Basic  data 


The  data  from  the  instrumentation  channels  was  analysed  and  the 
basic  information  so  derived  is  given  in  Table  2,  The  basic  data  presented 
are:- 


a,  the  flare  outputs  in  watts  per  steradian  per  micron  (minimum, 
maximum  and  average  values)  as  measured  by  the  radiometers  and  the  particular 
values  of  flare  outputs  from  both  stations  at  selected,  specified  times. 

From  the  latter,  percentage  transmissions  of  light  through  the  smoke  tunnel 
length  vrere  computed  and  are  given. 

b.  for  all  optical  smoke  measurement  channels,  the  percentage 
transmission  of  light  was  taken  at  the  speoified  times  as  in  (a) . 
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c,  for  the  selected  times  chosen  for  (a),  the  flare  outputs,  in 
watts  per  steradian  per  square  metre  per  micron  as  recorded  by  the  TV  tracker 
wer«  also  computed  and  are  presented. 

d,  the  mean  velocity  of  flow  of  the  smoke-laden  gases  through  the 
oystem  during  each  experiment. 

e,  the  optical  path  lengths  for  each  smoke  measurement  channel. 

All  records  wer«  analysed.  Some  of  the  derived  data  were  later 
eliminated  from  further  consideration.  (See  Section  4*3)  •  The  light  trans¬ 
mission  data  presented  in  Table  2  for  eaoh  of  the  various  measurement  systems 
are  not  comparable,  one  system  with  another,  as  the  optical  path  lengths  are 
different. 


4*6.3  Reduction  of  smoke  measui^ent  data  to  common  path  length 

Using  the  method  described  in  Appendix  II,  all  the  acceptable  data 
on  light  attenuation  by  smoke  v/ere  used  to  compute  the  percentage  transmission 
which  would  have  been  recorded  by  eaoh  information  channel  had  the  optical 
path  length  been  7  metres  instead  of  the  various  actual  values.  The  values  so 
computed  are  presented  in  Table  3« 

4.6.4  Reduction  of  smoke  measui^ent  data  to  common  path 

length  and  common  flow  velocity 

The  next  step  in  data  reduction  was  to  correct  the  light  transmissicn 
data  from  Table  3  for  differences  in  rates  of  flow  of  the  smoke-laden  gases 
through  the  measurement  system  in  the  individual  experiments.  The  common 
velocity  chosen  was  190  metres  per  second.  The  results  are  given  in  Table  4. 
This  allows  a  direct  comparison  of  the  different  systems  for  measurement.  In 
Table  5  the  averages  of  the  light  transmission  values  (given  in  Table  4)  are 
presented  for  each  typ®  or  combination  of  types  of  store  burned.  It  is  worth 
emphasising  at  this  point  that  the  attenuation  factors  given  in  Table  5  for 
the  smoke  produced  under  each  condition  are  those  which  apply  if  all  the  smoke 
generated  by  the  store(s)  under  test  at  simulated K  =1 .17  flight  conditions,  is 
restrained  to  be  uniformly  distributed  within  a  cylinder  0.6l  metres  in 
diameter  and  of  a  length  which  is  increasing  at  the  rate  of  190  metres  per 
second. 


4.6.5  Theoretical  extrapolation  of  smoke  measurement  data 
to  missile  flight  conditions 

The  BAG  model  of  the  smoke  trail  produced  by  the  Rapier  missile  in 
flight  assumes  that  the  smoke  is  contained  within  a  oolumn  which,  if  the 
missile  trajectory  is  a  straight  line,  has  the  following  properties 


a. 

b. 

of  attachment 

c. 


is  symmetrical  about  the  flight  axis. 

is  equal  in  radius  to  the  radius  of  the 
to  the  missile. 

initially  ejqpands  conically  (half  angle 


missile  at  the  surface 
3°)  with  increasing 
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distance  away  from  the  missile  until  it  attains  a  radius  of  0.6  metres. 

d.  once  the  radius  of  0,6  metres  is  attained,  the  radius  remains 
constant.  These  geometrical  properties  are  based  on  studies  of  photographic 
records  of  missile  firings. 


It  is  further  assumed  that  any  elements  of  the  oolvimn  which  are  of 
unit  length,  measured  along  the  cylindrical  axis,  contain  the  same  amount  of 
smoke,  uniformly  distributed.  If  the  missile  velocity  is  constant  and  the 
rate  of  generation  of  smoke  is  constant,  then  from  the  data  in  Table  5,  the 
average  li^t  attenuation  factors,  in  db  per  metre  of  optical  path  throu^ 
the  smoke,  can  be  computed  for  any  particular  path  through  the  smoke  (See 
Appendix  II) .  This  has  been  done,  assuming  a  missile  velocity  of  65O  metres 
per  second  in  a  straight  trajectory,  for  a  line  of  sight  starting  at  the 
centre  of  the  missile  base  and  angled  at  1°  to  the  line  of  flight.  The 
attenuation  factors,  and  percentage  transmission  figures  over  the  complete 
smoke  path  length  of  34.2  metres,  are  presented  in  Table  6.  The  1°  vsilue  was 
chosen  because  BAG  reported  no  difficulties  with  TV  tracking  if  the  missile 
flight  direction  was  more  than  1°  off  the  line  of  sight  from  tracker  to 
missile.  The  velocity  of  65O  metres  per  second  approximates  to  the  mflYlmnm 
missile  velocity  (when  the  smoke  trail  is  least  dense) .  SR  697  figures  are 
included  in  this  table  purely  for  comparison  of  the  smoke  characteristics  with 
SR  699«  However,  SR  697  was  not  required  for  use  under  the  above  conditions 
when  the  missile  is  travelling  at  '650  n/second  and  the  output  is  viewed 
through  34.2  metres  of  smoke  at  1°  off  end-on.  SR  697  was  intended  for  use 
during  the  gather  phase  only  and  at  the  end  of  this  phase  the  beacon  would  be 
viewed  end-on. 


The  missile  velocity  io  continuously  varying  throughout  flight 
accelerating  during  boost  and  sustainsr  phases  of  the  motor  firing  and 
deoeleratiz)g  during  coast  phase  after  motor  bum-out.  During  this  phase,  the 
flares  and  the  gas  charges  continue  to  bum  and  finally  the  flares  bum  alone. 
The  figures  oan  be  corrected  for  these  different  speeds.  As  the  figures  in 
Table  6  are  calculated  for  a  velocity  of  Uach  2  all  the  components  will  appear 
worse  at  slower  speeds.  This  is  shown  in  Figure  20. 


4.6.7  Windspeed  measurements 


The  results  of  the  v/indspeed  measurements  are  shovm  in  Figure  21 . 
In  the  second  half  of  the  tube,  the  vaxiations  in  flow  velocity  between 
stations  at  different  distances  along  the  tube  are  small  for  ary  one  given 
set  of  firing  conditions.  Average  values  were  used  in  all  calculations 
involving  the  flow  velocity. 

The  observed  flow  velocities  are  considered  to  substantiate  the 
prediction  that  pipe  flow  would  have  been  established  when  the  gases  reached 
the  mid  point  of  the  tube. 

4.6.8  General  observations  on  instrument  recordings 

a.  As  the  electrical  firing  circuits  were  actuated  slightly  in 
advance  of  the  start  of  tunnel  operation,  the  windspeed  round  the  flares  was 
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well  below  Bart miw  when  the  igniters  and  priBex*8  were  burning.  These  pro¬ 
duced  smoke  which  was  not  dispersed  by  high  wind-speed  and  idiioh  formed  a 
nlatively  dense  cloud  of  smoke.  The  smoke  measurement  systems  all  recorded 
this  section  of  hi^  density  smoke  as  it  traTSlled  down  the  tube.  This 
transient  high  attenuation  recorded  at  the  beginning  of  each  light  transmiss¬ 
ion  z^ord  was  discounted  in  subsequent  analysis. 

b.  The  radiometers  recorded  a  periodic  fluctuation  in  the 
radiant  output  from  the  flares.  This  is  discussed  further  in  Section  4*7 

o.  A  condensation  oloud  is  produced  in  the  wind  tunnel  at 
'wind  off  and  this  ms  recorded  by  the  smoke  measuring  ey stems  as  it 
travelled  down  the  smoke  ooUeotion  tube. 

d.  The  accuracy  of  reading  of  the  outputs  from  the  smoke 
measurement  channels  is  better  than  plus  or  minus  2  per  cent  of  the  full- 
scale  readings.  The  spread  of  results  given  in  Table  3  is  considered  to  be 
real  and  due  to  variations  between  rounds. 

4«7  Disousslon  of  Results 

4*7«1  glare  Performanoe 

The  results  show  that  the  flares  generated  a  significant  amount 
of  smoke  but  that  this  was  much  less  than  that  produced  by  the  rocket  motor. 
The  'standard'  flaz^  produced  the  least  smcke.  Variants  cn  this  flare,  filled 
with  SR  699t  which  had  been  shown  to  produce  less  smoke  when  fired  under 
static  conditicns,  prcved  to  be  measurably  worse  in  this  respect  when  fired 
under  the  Weurtcn  trial  conditions.  The  four  fast  burning  flares  filled  with 
SR  697»  generated  a  very  much  greater  eimoxint  of  smoke  (attenuation  factor 
0.53  dj/m  (Warton  condition)  as  compared  with  0.07  dfi/m  for  the  four  standard 
flares)  which  was  not  compensated  for  by  the  higher  intrinsio  light  output 
over  long  path  lengths  through  the  smoke  trail. 

The  average  measured  values  for  the  smoke  and  radiation  generated 
by  sets  of  four  flares ‘when  fired  alone  in  the  Warton  wind  tunnel  are  as 
follows : 

Table  A 


4  Flares 

Light  output 
watts/  steradiai/ 
micron  (1^(3) 

Smoke  attenuation  factor 
dJ^metre 

(2)(3) 

SR  699/0. 88''/Lantex 

905 

0.07 

SR  699/0. 88 ''/Kemetal 

510 

0.09 

SR  699/0. 75 "Ae“«tal 

460 

0.10 

SR  697/0. 88 "/Lantex 

2680 

0.53 

(1)  Radiometers  19°  off  axis,  spectral  response  as  in  Figure  10. 

(2)  'Normalised  to  'Warton'  condition  -  See  seotion  4.6.4 

(3)  Mach  1.17  windstream  over  store 

_ _ See  Table  5 _ . _ 
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The  fast  bximing  flare  composition,  SR  697  may  not  be  completely  suitable 
for  use  during  the  gather  phase  of  the  flight.  The  radiant  output  is  muoh 
higher  than  that  of  SR  699  but  the  smoke  produced  when  SR  697  bums  is, 
comparatively,  much  denser.  The  velocity  of  the  missile  towards  the  end  of 
gather  is  about  3^3  metre^^ seoond  and  under  these  conditions  36  metres  of 
smoko  from  SR  697  or  275  metros  of  smoko  from  SR  699  will  transmit  10^  of  the 
radiation.  A  less  smoky,  less  bright  flare  may  meet  the  requirements  more 
fully.  Consideration  should  be  given  to  the  minimum  output  required  side-on 
for  gathering  and  also  to  the  minimum'  output  necessaty  through  the  smoke  when 
the  missile  is  first  gathered.  A  fleure  oould  then  be  designed  to  fulfil 
these  requirements  as  far  as  possible.  For  example,  consider  a  flare  of  10 
socond^inch  burning  rate  with  output  1,000  n&tta/at/im,  at  source.  Viewed 
over  a  path  through  its  smoke  whioh  has  a  transmission  of  30^  an  apparent  out¬ 
put  of  500  watts/st/um  is  measured.  If  more  output  is  required  side-on  this 
may  bo  achieved  by  speeding  up  the  burning  and  theoretically  2,000  watts/st^ 
will  bo  obtained  from  a  simileu?  flare  with  a  5  seo./in,  burning  rate.  However 
this  meeu3S  that  twioe  the  weight  of  material  is  burnt  per  seoond,  producing 
twice  the  mass  of  smoke  per  seoond.  Henoe  the  transmission  throu^  the  same 
path  length  of  smoke  will  be  23^  and  the  apjwrent  output  is  still  300/watts/ 
vX/jaa., 

In  practice  speeding  up  the  burning  rate  can  give  less  output  than 
expected  from  the  simplified  example  above  and  more  smoke  than  expected  so 
that  output  through  smoke  is  vezy  low.  Applying  this  to  fast  burning  compo¬ 
sitions,  although  higher  output  will  be  obtained  side-on,  it  is  possible  that 
less  output  will  be  obtained  through  the  smoke.  Assuming  the  velocity  of  365 
metres/ seoond  at  the  end  of  the  missile  gather  phase  and  an  end-on  view  of  the 
beacon,  both  compositions  will  have  the  same  apparent  brightness  when  viewed 
through  about  19  metres  of  flare  smoke  trail.  At  axy  greater  path  length 
through  the  flare  smoke,  SR  699  will  appear  brighter  than  SR  697*  The  missile 
takes  about  l/20  seoond  to  travel  19  metres. 

^Vhen  flares  only  were  fired,  the  two  radiometers  recorded  regular 
fluctuations,  in  phase  with  one  another,  and  the  number  of  these  agreed  with 
the  number  of  filling  increments  used  when  pressing  the  flares.  This  was 
probably  due  to  veirlations  in  density  through  each  increment.  Simultaneous 
electrical  ignition  of  the  four  similarly  pressed  flai*es  aggravated  this 
effect.  This  variation  was  much  reduced  when  flares  were  bunit  with  a  rocket 
motor. 


Very  interesting  results  were  obtained  when  motor,  flares,  and  gas 
generator  were  fired  together  and  these  warrant  close  examination.  A  record 
of  some  of  the  measurements  obtained  on  rtui  4020  is  shown  in  Figure  22.  The 
boost  phase  lasted  about  2  seconds  and,  discounting  the  ignition  phase,  the 
record  was  best  examined  at  about  1^  seconds.  The  on-axis  radiometer 
measured  muoh  less  radiation  through  the  smoke  than  the  radiometer  at  19 
degrees  and  the  smoke  measurement  over  4.1  metz*es  showed  transmission. 
During  sustainer  phase,  at  say  6  seconds,  both  radiometers  measured  more 
radiation.  The  percentage  reduction  due  to  smoke,  between  on-axis  and  off- 
eixis  measurement,  was  muoh  less  than  during  the  boost.  This  was  confirmed  by 
the  smoke  measureinent .  At  completion  of  the  sustainer  burning,  at  8.3 
seconds,  the  on-axis  radiometer  registered  a  large  decrease  in  signal  for 
approximately  ^  seoond.  This  is  characteristic  of  motor  bum-out. 
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Yfhile  flares,  motor,  and  gas  generator  were  burning  together, 
the  level  of  radiation  registered  on  the  off-axis  radiometer  was  higher  than 
when  only  flares  and  gas  generator  remained  burning.  However,  when  motors 
only  were  burnt,  extremely  low  levels  of  radiation  were  recorded.  Possibly 
this  enhanced  radiation  was  due  to  spreading  of  the  flaz%  flame  by  the  motor 
efflux  without  excessive  cooling  so  that  the  off-axis  radiometer  viewed  a 
larger  flame  area.  Meanwhile  the  on-axis  radiometer  was  viewing  through 
smoke  produced  by  all  these  oomponents  and  hence  registered  low  output.  The 
cine' films  of  the  burning  confirm  this. 

After  15  seconds  idien  the  gas  generator  was  extinguished  and  the 
flares  continued  to  burn  alone,  a  further  immediate  smoke  reduction  was 
registered  over  the  4.I  metres  path  length.  The  decrease  in  smoke  was  also 
shown  on  the  on-axls  radiometer  record. 

4.7.2  Correlation  of  Free  Flight  Measurements  with 

Extrapolated  Weurton  Trial  Data 

There  is  no  available  data  on  the  effects  of  missile  smoke  on  the 
visibility  of  the  tracking  flare  from  firings  of  Hapler  missiles.  The  track¬ 
ing  flare  being  used  on  Seawolf  missiles  is  essentially  Identical  to  that 
used  on  Bapier, and  radiometric  measurements  have  been  made  of  Seawolf  flares, 
in  flight,  on  Toe  H  rockets.  One  set  of  measurements  (Reference  7)  albeit 
using  two  radiometers  which  had  spectral  responses  somewhat  different  from 
those  used  in  the  Warton  Rapier  trial  and  different  from  each  other,  gave 
peak  measured  outputs  from  4  flares,  of  800  watts/st/micron.  These  readings 
all  occurred  at  times  after  motor  bum-out  irtien  the  migsile  was  "travelling 
at  or  about  Maoh  1  and  idth  the  missile  direction  at  3  or  more  to  the  line 
of  sight  when  it  may  reasonably  be  assumed  that  there  was  little  or  no  smoke 
obscuration.  Visibility  was  excellent  at  the  time  of  the  firings  (estimated 
50  miles)  so  that  discounting  atmospheric  attenuation  would  then  not  give  rise 
to  an  error  in  excess  of  20^  in  the  radiometric  results.  The  actual  readings, 
10  in  number,  ranged  from  740  to  920  watt^steradian/micron.  The  correspond¬ 
ing  Warton  figures  were  850  and  96O  watts/steradiaiv^iicron  from  two  experi¬ 
ments.  This  is  considered  veiy  fair  agreement. 

Reference  7  makes  no  mention  of  loss  of  visibility  of  the  flares. 
The  minimum  recorded  flare  output  averaged  340  watts/steradiarv^mioron  (10 
recorded  values  ranging  from  320  to  380  watts/steraddaiy'mLcron) .  These  low 
values  were  all  recorded  at  about  6  seconds  after  missile  launch  at  a  time 
when  the  missile  was  nomimlly  travelling  along  the  line  of  sight  from  the 
obsemation  point.  Motor  bum-out  occurred  at  3.8  seconds  and  no  measurements 
were  taken  before  4  seconds.  The  340  watts/steradiai\/mioron  figure  may  be 
taken  to  be  the  obsemed  flare  output  \inder  conditions  of  maximum  obscuration 
by  flare  smoke  in  these  particuleir  experiments.  Unfortunately  the  length  of 
that  part  of  the  lins  of  sight  which  passed  throxi^  the  smoke  was  not  known 
and  it  is  not  possible  to  make  any  comparison  between  observed  smoke  attenua¬ 
tion  and  the  Warton  trieO.  results  extrapolated  to  fli^t  conditions. 

The  Wairton  results  were  the  basic  data  for  calculation  to  flight 
conditions  using  the  mathematical  model  for  the  smoke  trail  as  described 
previously  (para.  4.6.5). 
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The  assufflptloxis  made  in  usiiig  the  model  aret- 

a.  that  eaoh  smoke  soux^e  produces  smoke  at  a  constant  mass  rate 
nhlch  is  independent  of  the  enviromental  conditions  surrounding  the  missile. 
This  has  not  been  experimentally  verified.  The  best  that  oan  be  said  is 
that  the  Warton  trials  shov  that,  for  a  given  environmental  condition,  the 
rate  is  reasonably  constant  throughout  the  burning  time  of  the  component. 

b.  that  the  smoke  in  aiy  cross- sectional  element  of  the  smoke 
trail  is  evenly  distributed  across  that  element.  This  also  has  not  been 
verified  but  would  seem  a  reasonable  assumption  to  apply  in  the  turbulent 
conditions  which  occur  some  distance  from  the  motor  exhaust  when  the  motor  is 
burning.  When  the  motor  is  not  buzmng  good  mixing  of  smoke  with  entrained 
air  would  be  expected  veiy  close  to  the  tail  of  the  missile. 

o.  that  Beer-Lambert 's  Law  applies,  l.e.  the  attenuation  of  li^t 
is  directly  proportional  to  the  mass  of  smoke  (of  a  given  kind)  in  the  sight 
path.  This  has  been  verified  (Reference  8)  for  smoke  produced  by  propellants 
burned  in  rocket  motors. 

A  significant  deficiency  in  the  model  is  the  failure  to  explain  the 
BAG  finding  of  a  relatively  sharp  cut-off  in  the  ability  of  the  tracker  to 
follow  the  missile  as  the  lin^  of  sight  from  the  tracker  approached  1°  to  the 
line  of  missile  flight.  At  an  angle  of  2  the  calculated  transmission  along 
the  line  of  sight  is  42  pet*  cent  during  the  sustainer  phase.  Certainly  for 
angles  up  to  y  no  sudden  change  in  transmission  would  be  expected  as,  until 
this  angle  is  exceeded,  the  line  of  si^t  must  pass  through  the  relatively 
dense  diverging  oone  of  smoke  immediately  behind  the  missile. 

Uore  recent  work  on  other  missile  systems  has  indicated  that  the 
smoke  trail  may  change  in  shape  during  the  various  stages  of  flight,  particu¬ 
larly  after  motor  bum-out.  Films  of  other  missiles  show  a  much  smaller  angle 
of  divergence  when  flares  only  were  burning  and  this  seems  plausible,  as  the 
combustion  products  would  expand  as  a  direct  result  of  their  excess  pressure 
above  local  atmospheric  pressure.  Thus  the  final  diameter  of  the  cyllndrioal 
portion  of  the  smoko  trail  could  be  expected  to  be  considerably  smaller  after 
motor  burn-out  than  during  the  motor  firing. 

It  is  thought  that  the  Rapier  smoke  model  may  be  too  simple  and 
that  a  more  elaborate  model  which  varied  during  the  different  stages  of  the 
missile  flight  might  be  more  appropriate.  An  extensive  study  of  the  films  of 
Rapier  smoke  trails  formed  during  flight  might  provide  an  improved  model. 

4.8  Conclusions 

4.8.1  Smoke  Measurement 


a.  The  smoke  emitted  by  various  combinations  of  components  of  the 
Rapier  missile  has  been  quantitatively  assessed  in  terms  of  attenuation  of 
visible  radiation.  The  data  obtained  are  summarised  below: 

/Table  B 
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Table  B 


Missile  Condition 

Smoke  Attenuation  IPaotor 
dB/metre  (l) 

(a) 

Boost  Phase  -  flares 
motor  and  gas  generator 
burning 

1.3if 

(b) 

Sustainer  Phase  -  flails 
•  motor  and  gas  generator 
bxirning 

0.49 

(°) 

Coast  Phase  -  flares 
and  gas  generator  burning 

0.16 

(d) 

Coast  Phase  -  flares 
only  burning 

0.06 

(1)  Calculated  from  Warton  trial  results 

assuming  smoke  velocity  of  190  metres/second 
and' a  path  length  of  7  metres.  Complete 
data  given  in  Table  5 

b.  The  smoke  emission  of  individual  components  has  been 
quantitatively  measured.  Within  the  accuracy  of  measurement,  the  effect  of 
two  or  more  components  is  equal  to  the  sum  of  the  individual  component 
effects.  (See  Table  C  below). 

Table  C _ _ _ . 


Components 

Smoke  Attenuation  Factor 
dB/metre  (1) 

(a) 

Troy  Motor  -  boost 

1.43 

(b) 

”  -  sustainer 

0.37 

(c) 

4  X  SR  699/0. 88 '*/Lantex 
Flares 

0.07 

(d) 

Gas  Generator  Mechanite  14 

0.10 

(e) 

(b  +  0  +  d) 

Motor  (sustainer) 

+  Flares  +  GG 

0.54 

(f) 

Sustainer  Phase  -  Flares 
motor  and  gas  generator 
burning 

0.49 

(1) 

Calculated  V/arton  trial  results  assuming  a  smoke 
velocity  of  190  metres/second  and  a  path  length  of 

7  metres.  Complete  data  given  in  Table  5 
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0*  The  Troy  rooket  motor  is  the  major  source  of  smoke. 

d.  The  BAG  smoke  model  represents  a  reasonable  first  approxima¬ 
tion  of  the  true  situation* 

4,8,2  Flare  Performance 


a.  Of  three  flares  tested,  all  filled  with  oooposition  SR  699, 
the  'standard*  Rapier  flare  was  olearly  superior  -  highest  light  output  with" 
least  smoke. 

b.  Composition  SR  697  was  intended  to  increase  the  radiant  output 
during  the  gather  phase  of  missile  flight.  In  produoing  this  high  output  it 
was  found  to  be  rezy  smol^  so  that  it  is  possible  to  obtain  less  'apparent* 
output,  end-on  through  the  smoke.  Although  it  oould  aid  gathering  of  the 
missile  it  is  likely  to  increase  the  possibility  of  losing  the  missile  at  the 
end  of  gather  and  is,  therefore,  considered  unsuitable  for  use  with  Rapier. 

0.  The  radiant  output  of  the  four  SR  699  'standard'  flares,  under 
missile  flight  conditions  as  simulated  by  the  Warton  trial  is  903  watts/ 
steradiaxv4iioron  (as  measured  by  the  radiometers  described)  with  no  smoke  in 
the  sight  line  and  no  other  missile  components  burning. 

d.  There  is  a  significant  increase  in  the  light  output  from  the 
Rapier  tracking  flare  if  the  flare  is  fired  in  close  proximity  to  the  exhaust 
from  the  burning  Tzcy  rocket  motor. 

4.9  Recommendations 


a.  Any  effort  directed  towards  reduction  of  total  smoke  emission 
from  the  missile  should  be  concentrated  on  the  Troy  rocket  motor. 

b.  The  SR  699/0*88"/Lantex  flare  should  be  retained  at  present  for 
the  Rapier  missile  and  no  further  effort  should  be  deployed  in  attempting  to 
improve  flare  s  based  on  this  composition. 

o.  Further  work  is  needed  to  refine  the  BAG  model  of  the  smoke 
trail  generated  by  a  missile. 

d.  In  any  future  work  on  assessment  of  flare  performance  using  the 
'(Varton  facility  (or  any  similar  facility)  it  is  essential  that  atmospheric 
attenuation  along  the  lines  of  sight  of  the  radiometers  should  be  measured. 

It  would  also  be  useful  if  the  missile  tracker  were  deployed  alongside  the 
radiometer  to  correlate  tracker  signal  with  the  radiometer  reading. 

0.  All  future  missile  beacons  which  consist  of  multiple  flares 
should  have  staggered  increments  in  each  set  of  flares  to  reduce  fluctuations 
in  radiant  output. 
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5.  DISCUSSION  ON  SUOKS  MEASUSBUQIT 


5.1  Dypflmlo  Tereua  Statio  Firlryj 

In  the  Bapier  trial  two  'iiq>roTed'  flares  were  tested  flares 
which,  under  statio  conditions,  had  been  shown  to  produce  less  smoke  than 
the  standard  Bapier  flare*  Both  were  shown  to  produce  more  smoke  under 
dyimmio  conditions.  No  numerical'  data  are  available  on  the  smoke  generation 
by  the  'standard*  and  'modified'  Swingfire  motors.  Subjective  observation 
was  that  the  modified  version  which  gave  more  smoke  on  statio  test  produced 
less  smoke  in  free  flight. 

The  outstanding  value  of  the  Wartoiv^Bapier  trial  is  the  unequivocal 
conclusion  that,  if  valid  informa'tion  on  the  eimount  of  smoke  generated  by 
missile  components  is  to  be  ob'tained,  'the  components  must  be  fired  under 
conditions  which  reasonably  simula'te  the  free  flight  missile  situation.  The 
effect  of  motion  relative  to  the  ambient  atmosphere  is  a  factor  of  consider¬ 
able  impo2*tanoe. 

5.2  Smoke  Measurement  Equipment 

The  experimen-tal  -technique  described  in  Section  4  gave  reproducible 
results  which  are  generalily  consistent  with  the  very  limited  information 
available  from  free-flight  firings.  When  a  Troy  motor  was  fired  together  with 
flares  and  the  gas  generator,  then  during  the  boost  phase  only,  a  small  part 
of  -the  total  efflux  did  not  enter  the  tube.  The  only  significant  deficiency 
which  should  be  rectified  in  advance  of  further  trials,  if  measurements  of 
boost  motors  are  required,  is  extension  of  the  smoke  ooUeotion  'tube  further 
forward  towards  -the  end  of  the  wind  t\uuiel.  Of  the  optical  techniques  used  to 
measure  the  properties  of  the  smoke,  the  sample  tube  method  (see  Section 
4*3*3(b))  is  sugges-ted  as  the  most  suitable,  subject  to  minor  improvements  as 
described  in  Section  4*3*2(b).  A  second  me-thod  should  be  deployed  as  a  back¬ 
up  system.  This  could  be  provided  by  radiometers  if  flare  output  measurements 
are  being  made.  However,  these  measurements' are  suscep'tible  to  a-tmospherio 
attenuation  problems  and  open  to  some  doubt,  as  'the  smoke  entering  -the  collec¬ 
tion  tube  does  not  become  uniformiy  mixed  until  some  distance  down  the  tube 
and  smoke  modification  may  be  occurring  in  the  regions  close  to  the  rocket 
motor,  e.g.  Condensation  of  water  vapour.  A  second  optical  system  is  px*efer- 
able. 


5.5  Extrapolation  from  Dynamic  Trial  Results  to  Free  Flight  Conditions 

It  must  be  noted  that,  in  the  recommended  approach  to  obtaining 
valid  smoke  data,  although  simulated  flight  conditions  must  be  produced  in 
-the  legion  of  the  smoke  generators,  -the  smoke  is  measured  while  under 
oondi-tions  whi  -h  do  not  simulate  flight  conditions.  Numerical  manipula-tion 
of  •the  da'tfi  will  always  be  necessary  to  ob-tain  information  on  •the  free 
flight  smoke,  "trail,  and  a  model  of  the  fi^e  flight  smoke  trail  is  essential. 
Implicit  in  the  me-thod  is  the  assump'tion  "that  -the  nature  of  "the  smoke  does 
not  change  ^gnifioantly  with  time  once  it  is  formed.  This  is  probably  the 
grea'test  weakness.  Condensable  materials  are  significant  contributors  to 
missile  smoke  trails  and,  at  present,  insufficient  is  known  as  to  the  rate  at 
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which  missile  exhaust  vapours  condense  to  form  optically  significant  particles 
and  how  this  condensation  is  affected  by  ambient  relative  humidity •  temperatuz^, 
and  concentration  of  condensable  material.  A  great  deal  remains  unknown. 
However,  the  work  reported  here  represents  a  significant  advance  towaui^s 
resolution  of  this  problem. 


6.  CONCLUSIONS 


6.1  If  useful  measurements  are  to  be  made  on  the  smoke  generated  by 

missile  components,  those  components  should  be  fired  under  simulated  opera¬ 
tional  conditions.  However,  it  is  important  to  make  measurements  on  the 
individual  components  of  the  missile  system  in  order  to  assess  the  contribut¬ 
ion  to  the  problem  from  each  of  the  components  and  also  to  verify  any  improve¬ 
ments  made  to  a  particular  component. 


6.2  A  technique  for  the  measurement  of  smoke  produced  by  missile  compo¬ 
nents  (fired  imder  simulated  flight  conditions)  has  been  evolved  and  shown  to 
function  satisfactorily. 


7.  BECOMHENDATIONS 


7.1  For  the  assessment  of  smoke  generated  by  missile  components  the 
equipment  of  the  type  devised  and  used  at  BAG,  Warton  for  tests  on  the  Rapier 
missile  is  desirable  eind  such  a  facility  should  be  maintained  in  readiness  for 
missile  testing.  The  Warton-Rapier  trial  indicated  various  improvements  which 
should  be  made  to  the  facility  used  on  that  peirticular  trial  (See  Section  ^.2) . 

7.2  Further  work  is  needed  on  the  study  of  missile  smoke  trails  (See 
Section  5.3)  and  in  particvilar  on  the  shape  of  the  smoke  trail  after  the  motor 
has  finished  burning. 
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APPENDIX  I 


DSaCIIFTION  OF  RARDS/^3  SMOKE-MEASURINS  SYSIEll 

The  ciystem  was  required  to  giro  reproducible  smoke  attenuation 
results  from  a  given  -t;ype  of  flare,  burnt  statically,  and  to  oope  with  a  wide 
variation  in  smoke  density;  A  fur^er  requirement  was  that  the  record 
obtained  should  be  free  from  'noise'  and  erratic  fluctuations  common  to  this 
type  of  measuremeht*  Also  a  method  was  needed  whereby  aty  flare-smoke  improie- 
ment  oould  be  assessed  for  missile  flight  conditions,  so  tlat  realistic  com¬ 
parisons  could  be  drawn  between  test  flares.  (See  Appendix  II).  Therefore  it 
was  considered  essential  to  constrain  all  the  smoke  produced  by  the  flare  into 
a  closely  controlled  ooluzon  of  uniform  density  and  kzuwn  velocity. 

The  apparatus  evolved  to  satisfy  these  requirements  is  known  as  the 
RARDE  Smoke  Chimney  and  consists  of  an  0.>n  diameter  1.83m  long  cylinder, 
mounted  vertically  and  provided  with  a  conical  entrance  base  so  that  all  the 
smoke  from  a  vertically  bxunlng  flare  is  gathered  into  the  standard  column  by 
natural  convection.  The  flare  is  burnt  centrally  3.03ni  below  the  cylindrical 
base,  this  distance  being  sufficient  to  avoid  interference  fznm  sparks.  Three 
attenuation  measurements  are  made  using  Tungsten  lamps  and  CdS  detectors  set 
diametirioally  across  the  cylinder  at  distances  0.46m.  0.92m  and  1.37m.  up  the 
cylinder,  the  detectors  being  used  on  a  linear  response  to  intensity  range. 

The  lamps  and  detectors  are  set  back  in  0.03m.  diameter  tubes  at  right  angles 
to  the  cylinder,  and  a  'Penaatrace'  diffusing  screen  is  used  to  enlarge  the 
area  of  the  light  beam  so  that  small  local  variations  in  smoke  density  are  not 
recorded,  (it  has  been  sliown  that  the  dead  apace  in  front  of  lamp  and 
detector  does  not  collect  smoke  and  the  light  path  through  the  smoke  is  0.3m). 
Three  attenuation  measurements  \ierc  provided  so  that  uniformity  of  smoke 
densily  could  be  assessed  by  co;..paring  the  three  results.  Horizontally  aczx)ss 
the  top  of  the  1 .83m.  cylinder  is  mounted  a  four-bladed  fan  on  rylon  bearings 
which  interrupts  a  lamp-detector  path  so  that  the  velocity  of  the  smoke  column 
can  be  measured.  This  fan  has  been  calibrated  using  an  anemometer.  All 
measurements  are  made  continuously  through  the  burning  of  the  flare,  and  it  is 
found  that  the  interval  between  Idle  first  drop  in  lamp  intensity  due  to 
attenuation  and  the  regaining  of  maximum  signal  agrees  to  within  1  second  of 
the  total  burning  time,  i.e.  the  smoke  measurements  at  ary  instant  refer  to 
the  smoko  produced  at  an  instant. 

gas  charges  have  been  measured  using  the  same  apparatus  but  mounting 
the  gas  charges  1.2aii.  above  the  hearth  floor.  The  charges  were  adapted  to  a 
single  exit  nozzle  giving  a  vertical  jet  of  smoke  with  the  single  nozzle 
vertical. 


This  system  gives  excellent  reproducibility  with  flares  and  gas 
oharges,  and  it  has  been  possible  to  make  convincing  comparisons  between 
flares,  and  also  to  compare  flares  with  gas  charges.  The  records  show  a 
minimum  number  of  erratic  fluctuations,  good  agreement  is  obtained  between  the 
three  lamp-detector  measurements  for  each  run,  and  the  level  of  attenuation 
for  flares  ranges  from  to  30yi  which  minimises  variations  from  round  to 
round  due  to  b^se-line  and  maximum- si goal  setting  errors. 
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A  aeries  of  flares  burnt  in  this  apparatus  ga^ve  attenuation 
across  an  O.^m.  path,  averaged  from  measurements  in  close  agreement,  and  the 
smoke  velocity.  Calculation  over  a  definite  path  length  of  the  B.A.C.  missile 
smoke  model  gives  figures  of  attenuation  which  eire  directly  comparable,  and 
indicates  the  degree  of  improvement  likely  to  be  obtained  from  less  smoky 
flares  mounted  on  the  missile. 
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APPENDIX  II 

OBSCUHATION  BY  SliOKE  PROM  A  BimNINC  PLABE 


1. 

1.1 

1.2 

air  flow 


Aaauaptioiaa 

The  flare  gives  a  loass  of  snoke  in  tiae 

The  rate  of  smoke  output  is  oonstant,  whatever  the  oonditions  of 
around  the  flare. 


1.3  Eveiy  oross-section  of  a  given  smoke  oolumn  contains  the  same 

qioantity  of  smoke  uniformly  distributed  across  it»  hence  the  mass  per  unit 
length  of  cross-section  varies  inversely  with  the  area  of  cross-seotion. 


1.4  Beer-Lambert ' s  law  applies  to  smokes  and  henoe  the  attenuation  of 

the  light  is  proportional  to  the  mass  of  smoke  in  the  sight  path. 

2.  Measurement  under  test  conditions 


Velooity  of  smoke  stream  averaged  across  the  tube  =  m  metres/sec. 
Therefore  total  length  of  smoke  stream  from  flare  =  m^  t^  metres 
Therefore  total  volume  of  snoke  =  m_j  t^ 


ViHiere  R  is  the  radius  of  the  smoke  oolumn 

Therefore  for  ar\y  sight  path  of  length  L  and  unit  oross-seotional  area  whioh 
lies  entirely  through  the  smoke,  mass  of  smoke  in  path  =  L 


Therefore  atteniiation  =10  log  —  dB  =  L 

^  m*  tv  a2 


1  1 


m^  t^  w  r2 

.  (1) 


Where  B  is  the  fraction  of  light  reoeived  from  a  source  when  viewed  through 
the  path  of  length  L,  and  K  is  a  oonstant. 


3.  Missile  Viewing 

3,1  B.A.C.  have  proposed  a  model  of  the  smoke  from  a  missile.  The 

smoke  column  is  assumed  to  start  with  radius  r^ ,  the  radius  of  the  missile 
and  expand  in  oonioal  form  with  half  angle  3®  to  radius  r^,  then  maintaining 
a  imiform  oylindrioal  form.  By  studying  film  of  flights,  r2  is  taken  as  0.6 
metres. 


3.2  The  mass  of  smoke  M,  now  ocoupies  t^  metres  where  is  the 

velocity  of  the  missile  in  metres/seo. 


3.3 

frustiam 


If  is  the  length  of  the  oonioal  fi*u8tum,  the  mass  in  that 


Mf  =  Lf 

“?1 


1 


If  A  =  Jnass  per  xinit  length  of  frustum  =  M^ 

lT 
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Mass  per  unit  volume  =AM^  where  r  is  radius  of  cross-section 
and  mass  per  element  of  length  dL  =  A  M^  dL 

But  r  =  L  tan  6  where  6  is  the  half  angle  (3°)  of  the  cone  of  which  the 
frustum  is  part 

Therefore  mass  per  unit  area  cross-section  per  length  dL  =  A  dL 

2  2 
IT  tan  Q  L 

and  mass  per  unit  area  cross-section  over  whole  length  of  frustum  of 
cone  =  ^L  ^  M  dL 


r- 

Jih  ^ 


11^  V  tan^  e  L^ 
-,L, 

-AM^ 


tr  tan  9  L 


JL. 


where  L^  and  L^  are  the  le^ths  of  the  cone 
corresponding  with  the  radii  r^  and  r^  of  the 
frustum 


Therefore  mass  per  unit  area  over  whole  length  =  a  M, 


vtan^  6 


-L. 


L  L 
1  2 


But  L^  -L^  =  L^  and  L^  tan  6  =  r^ 


Therefore  mass  per  unit  area  over  whole  length  =  AM^  L^  =  M^ 

=  L, 


tr  r  r 
1  2 


r^ 


“2  "*1  "*2 


3.4  Over  a  given  length  of  the  cylindriceil  column  L,,  the  mass  of  smoke 

per  unit  area  cross-section  is:  M^  L^  ^  ^ 


■”2  ‘1 


Therefore  when  viewing  the  flare  when  the  sight  line  passes  through 

the  smoke: 

Total  mass  in  sight  line  is: 


^f 

» r^  r2  t^ 


“2  S 


“2^1  ’""‘2 


»r. 


M. 


Therefore  attenxxation  =  10  log  ^  dB  =  K  1 


m_  t^  v  r, 
2  1  £ 


where  C  is  the  fraction  of  light  received. 


(2) 
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4. 


Insults: 


Applioation  of  RARDE  Smoke  Chianay  reaults  to  Warton  trial 
Suppose  a  flare  burnt  in  the  SA&QB  ohimney  gives  the  following 

Velocity  of  smoke  s  6  metres/seo. 

Peznentage  of  light  received  throu^  smoke  =  2p^  therefore  B  s  0.2 
Path  length  L  s  2R  s  0,5  metz^s 


Then  from  equation  (1 ) 

K  =  m^  t^  wR' 


10  log  - 


=  6  wt^  (0.15)  '  10  log  “  2 


X  0,5 


If  the  same  type  of  flare  is  bximt  in  the  Warton  tube 

2 


Attenuation  =  10  Log  r  =  ^  **1 


m  t  R 

w  1  w 

Whez^  L  is  path  length  over  which  the  measurement  was  taken,  m  the 

w  w 

velocity  of  the  smoke,  averaged  over  that  path  and  R  the  radius  of  the 

w 


tube,  and  D.  is  the  fraction  of  light  z^oeived. 


10  LO*  1  (“-’5)" 

1  M,  0.3 

,  6  (0.15)^  L, 

0.3 

w  w 


M.  L 
1  w 


t  R  < 

1  w\ 
10  Log  5 


572 


But  R^  c  0.3  metres  and  we  oan  assume  m^  s  344  a/seo. 

Then  over  a  path  length  of  8  feet  =  2.44  metz^s 

10  Log  1  =  6  (0.15)^  2.1i4  ,  10  Log  5 

"I  A-?  '  “354  (0.3)^ 


1 


0.0248 


1.059  D.,  =  0.945 


Therefoz^  obscuration  due  to  1  flare  s  5.5?5 

Thus  if  4  flares  are  burnt  together  in  the  Wari;on  tube 
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10  Log  ^  =4x6  (0.15) 


2, kU.  2  ^0  5 

3. Vf  (0.3) 


.  1 
D. 


0.0992 


1/D^  =  1.256  =  0.795 

Therefore  obsouration  due  to  4  flares  =  20.5^ 


Similar  oaloulations  vere  used  to  forecast  the  transmission  to  be 
expected  for  all  types  of  flares  in  the  Warton  tube  when  burnt  in  sets  of  4* 
Also  the  transmission  to  be  expeoted  from  a  gas  charge  was  calculated. 
Obviously  these  oaloulations  were  only  a  guide,  being  based  on  the  assuiq)tion 
that  burning  under  static  conditions  is  similar  to  burning  in  a  windstream. 

These  predicted  transmissions  are  given  below: - 


Transmission  in 
RARDE  ohimney 
from  1  flare 

Transmission  in  RARDE 
chimney  from  1  gas 

5096 

4055 

2% 

generator  10%  (after 

8  sees.) 

Path  length  at  Weurton 

0.61  m. 

97.^ 

S^/o 

Slfo 

3% 

33.% 

97% 

1.22  m. 

93.5^ 

3% 

89% 

3% 

2.44  ffl. 

30,% 

8% 

8% 

79.5% 

89% 

3.66  ffl. 

86.^ 

62.% 

n-% 

71% 

83.5% 

4.57  m. 

83?b 

78.% 

2% 

12.% 

65% 

80% 

24.4  0. 

y7.% 

16^ 

10% 

30?b 

Measured  smoke  velocity  through  the  Warton  tube  was  I90  metres/ seos. 
and  not  344  metres/seo.  as  assumed  for  these  ceQ.culations.  This  accounts  for 
some  of  the  differences  between  the  predicted  results  and  results  actually 
obtained  but  the  calculated  transmissions  served  as  a  useful  guide. 

5.  Motor  Smoke  estimation  from  static  data 

Little  is  known  about  the  attenuating  properties  of  motor  smoko  at 
present  and  it  was  difficult  to  estimate  accurately  values  which  were  to  be 
expected  at  Warton. 

Some  static  measurements  made  by  I.M.I.  at  their  Summerfield 
Research  Station  indicated  values  of  approximately  55f^  obscuration  from 
motors  and  an  extra  59^  obscuration  from  a  set  of  4  flares. 

Therefore  attenuation  due  to  flare  =  Log  1 .052  =  0.0635 

attenuation  duo  to  motor  _ *  Log  2.22 

Log  _J _ 

0.45 
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Thus  if  10^  obscuration  were  to  be  expected  from  the  present  flare  at 
Warton  (as  was  possible  over  a  shozi;  path  length,  see  4  above) 


Attenuation  due  to.  flare  at  Warton  Log  jrljy  =  0.0635 

Attenuation  due  to  motor  at  Warton  _ _ 

T  1 

Log  — 

1  “ 

Jms-  =  Los  1.111  =  0.0455  =  0.713 

“  0T0S35  6.6655 


1316 ref ore  obscuration  expected  from  motor  at  Warton  over  short  path 

length  g  8<^ 

6.  Application  of  Warton  tube  results  to  missile  flight 


The  scant  data  available  suggests  that  the  effect  cf  an  air  stream 
on  the  burning  of  a  flare  is  increasing  most  rapidly  between  Haoh  0  apd  0.3* 
From  Mach  0.3  to  2  the  output  from  the  flare  is  affected  less  noticeably. 
Thus  an  extrapolation  of  the  data  obtained  from  the  Warton  tube  trial  to  the 
conditions  of  missile  flight  should  be  feasible.  As  the  flares  are  to  be. 
mounted  on  either  real  motors  and  tail  cones,  or  dumoy  missiles  and  simulated 
tail  cones  in  the  Warton  wind-tunnel  the  data  may  be  meaningfully  applied  to 
in-flight  conditions. 


From  eq  (I) 

10  Log  ^  = 
4 

Thus  K  =  m^ 

Values  of  m^  >  R» 
From  eq  (2) 


K  L 

m^i  t^  irR2 


10  Log  - 


L  and  D  may  be  supplied 
4 


(1) 


from  the  Warton  data 


Attenuation  during  missile  flight 


10  Log  -  = 


K  “1 


m 


•'1 


[i.  y 


(2) 


1  m  t  W  Bi 

Thus  1 0  Log  —  =  1  1 

0  " 


‘1 


M  r  L  "1  1 

-J -  MO  n, 

“2  *  **2^  **1 


Let  angle  between  flight  path  and  sight  line  be  1 
r.  is  radius  of  missile  tail  oone  =  0.063  metres 


r^  is  radius  of  smoke  column  of  B.A.C.  model 
m^  is  speed  of  missile,  say  65O  metreE/seo. 
L^  =  10.24  metres 
L^  =  24  metres 


0.6  metres 
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2 

10  Loff  ^  r  10.24  ^  2U~\  10  Log  ^ 

L  650  X  0,6  L  0.063  0.6J  ^ 

Log  T  =  “1  2.307  X  10*^  [  162.6  ♦  W)]  Log  i 

°  r  \ 

'  ^  0.0467  Log  ^ 

L  \ 

Thus  the  fraction  of  the  output  from  the  flare  seen  throufii  the  smoke,  C, 
oan  be  found  if  the  Warton  value  of  m^  >  L  and  D  are  substituted.  A  similar 
calculation  can  be  used  for  ariy  angle  of  sight  line  to  missile  flight  path. 
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TABLE  5 

AVERAGE  SMOKE  RESULTS  FOR  WAETON  WIND  TUNNEL/TTTOE  CONDITIONS 


Details  of  devices 
fired 

Firing 

phase 

Average 

Transmission 

% 

over 

7  metres 

Number 

of 

results 

averaged 

Spread 

of 

results 

Attenuation 
per  metre, 
dB  (1) 
(Warton 
conditions) 

4  flares  0.88"  I.D. 
Lantex  Liner  SR. 699 

89 

12 

-7  +  7 

0.07 

4  flares  0.88”  I.D. 

Kerne tal  Liner  SR • 699 

86 

11 

-6+6 

0.09 

4  flares  0.75"  I.D. 

Kerne tal  Liner  SR. 699 

84 

13 

-14  +  11 

0.10 

4  flares  0.88”  I.D. 
Lantex  Liner  SR. 697 

42 

12 

-8  +  10 

0.53 

Gas  generator 

Mechanite  14 

85 

7 

-10  +  5 

0.10 

Troy  Motor 

Boost 

10 

17 

-9  +  15 

1.45 

Sustain 

55 

12 

^18  +  26 

0.37 

Troy  Motor  +  4  flares 

Boost 

12 

16 

-11  +  19 

1.34 

0.88”  I.D.  Lantex  Liner 

Sustain 

45 

11 

-6  +  10 

0.49 

SR. 699  +  Gas  generator 

Flares  +  GG 

77 

4 

-4+6 

0.16 

Flares 

91 

6 

-8  +  9 

0.06 

1  -1 
(1)  dB  per  metre  =  ^  x  10  log  (Average  transmission  over  7  metres) 
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TABLE  6 

AVEEAGE  SMOKE  RESULTS  CALCULATED  TO  MISSILE  FLIGHT  COIMDITIONS 


Details  of  devices 
fired 

Firing 

phase 

Transmission  % 
through 

34.2  metros 
smoke  (1 ) 

Attenuation/Metre 

(Flight 

conditions) 

DB  X  10“2(1) 

4  flares  0,88"  I.D.  Lantex 

86 

1.9 

Liner  SR ,699 

4  flares  0.88’’  I.D.  Kemetal 

82 

2.5 

Liner  SR. 699 

4  flares  0.75"  I*D.  Kemetal 

80 

2.7 

Liner  SR. 699 

4  flares  0.88’’  I.D.  Lantex 

34 

13.8 

Liner  SR. 697 

Gas  Generator  Mechancite  14 

81 

2.6 

Troy  Motor 

Boost 

5 

37 

Sustain 

47 

9.6 

Troy  Motor  +  4  flares  0.88” 

Boost 

6 

35 

I.D.  Lantex  Liner  SR. 699  + 

Sustain 

36 

12.8 

Gas  Generator 

Flares  +  GG 

72 

4.2 

Flares 

89 

1.5 

(1) 


Angle  between  sight  line  and  flight  path  is  1°  according  to  B.A.C. 
flight  model.  Calculated  as  described  in  Appendix  II,  para, 6. 
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GENERAL  VIEWS  OF  THE  TUBE  AND  WIND  TUNNEL  NOZZLE 
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FIGS  3(aXb) 
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(0)  FLARES  MOUNTED  IN  A  TAIL  CONE 
MOTOR  MOUNTED  READY  FOB  LIFTING 
INTO  A  HORIZONTAL  POSITION 


o  VI  z 
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STATION  3 

4(^5)  LAYOUT  OF  MIAAOA  METHOD  SYSTEMS 
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FIG.  5 
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FIG.  5  VIEW  SHOWING  DIAGONAL  LIGHT  PATH  METHOD 
AND  MIRROR  METHOD  SYSTEMS 
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FIS.  i  FSroUT  Of  SAMFIE  FUSE 
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FIG.  7  VIEW  OF  SAMPLE  TUBE 


RADIOMETER  POSITIONS 
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FIG.  8 
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FIC.8  VIEW  SHOWING  RADIOMETER  POSITIONS 
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FIG.  9 


FI6.  9  DIAGRAM  OF  INSTRUMENTATION  LAYOUT 
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FIG. to 
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FI6.  10  RESPONSE  CURVES  FOR  T.  V .  TRACKER  AND  RADIOMETERS 
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FI6.  II 
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SMOKE  SAMPLE 
TUBE  TAKE-OFF. 
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STATION  3  STATION  2 
MIRROB  METHOD 


9  *44  m 


STATION  I 


SMOKE  ASSESSMENT  SYSTEM  POSITIONS 


P-PITOT  TUBE  POSITION 

T -THERMOCOUPLE  POSITION  TUBE  #  0*61  m 


FIG.  II  DIAGRAM  OF  TUBE  SHOWING  SYSTEM  POSITIONS 
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PITOT  TUBE 
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FIGS  12  (a)  (b) 
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FIG.  12  (g)  PITOT  TUBES  AT  0»3  METRES  FROM  TUBE  EXIT, 
fb)  PITOT  TUBE  IN  WIND  TUNNElT 
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FIG.  15  GAS  GENERATOR  MOUNTING 
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FIG.  16 
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MOTOR  MOUNTING  IN  WIND  TUNNEL  NOZZLE 
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FIGS  17(a)  (b) 
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FIG  .  17  (g)  4 
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FLARES  BURNING  IN  1-17  MACH  WINDSTREAM 

WITH  EFFLUX  ENTERING  THE  TUBE 

DAYLIGHT  VIEW  FROM  SAME  POSITION 
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FIGS  I8(a)(b) 
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FIG.  18  MOTOR  BURNING  IN  (o)  BOOST  PHASE 

(b)SUSTAINER  PHASE 
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FIG.  20  PREDICTED  ATTENUATION  BY  SMOKE  THROUGHOUT  FLIGHT 
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